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Abstract 
TanDEM-X mission delivers a global digital elevation model of high quality (12 m posting) close to the HRTI-3 
standard. However, when it comes to urban areas, layover effect caused by the side-looking nature of the radar sat-
ellites handicaps the use of classical multi-baseline phase unwrapping and TanDEM-X data alone for a precise 3D 
reconstruction. This calls for advanced SAR image processing methods or complementary data, such as volunteered 
geographic information. This paper proposes a series of novel algorithms aiming at delivering the world’s first 
global 3D and 4D urban model using primarily the TanDEM-X data. 
 
   
Figure 1. Current knowledge of urban 2D/3D morphology derived from SAR data. From left to right: the global 
urban footprint (GUF) binary map, 12m posting TanDEM-X raw DEM (image from [1]), and the tomographic 3D 
reconstruction using approximately 200 images, of the same area in Berlin, respectively. The height in the latter two 
plots are color-coded (blue-red: ca. 0m-70m). The building height in the TanDEM-X DEM is often underestimated. 
 
1 Introduction 
1.1 Our vision 
By 2050, around three quarters of the world’s population 
will live in cities. The ongoing new dimension of global 
migration into the cities poses fundamental challenges to 
our societies across the globe. Global 3D/4D urban model 
would play a fundamental role for the stakeholders in un-
derstanding such rapid urbanization. Yet our knowledge 
of global urban morphology so far only exist in a 2D bi-
nary classification form, which is known as the Global 
Urban Footprint (GUF) [2]. The available global DEMs, 
such as the TanDEM-X DEM, are optimized for nonurban 
areas. Global 3D urban model is non-existent. Not even 
to mention urban models with temporal updates that is so-
called 4D urban model. This calls for high quality prod-
ucts beyond the current knowledge of urban morphology.  
Figure 1 is an overview of the current knowledge of 2D 
and 3D/4D urban morphology derived from SAR data. 
From left to right, it shows the GUF binary urban-
nonurban mask, the TanDEM-X raw DEM with 12m 
posting, and the SAR tomographic (TomoSAR) recon-
struction using over 200 repeat-pass TerraSAR-X images. 
The first two results are available globally. However, the 
building height in the standard TanDEM-X DEM is often 
underestimated. On the other hand, the highly accurate 
TomoSAR reconstruction requires stack with large num-
ber of interferograms, which is only available for very 
limited number of cities. According to the TanDEM-X 
data availability map shown in Figure 2, most part of the 
world is only covered by two to three acquisitions. Only 
difficult terrains such as mountainous areas are covered 
by more acquisitions. Therefore, conventional multibase-
line InSAR techniques, e.g. TomoSAR [3], [4] and persis-
tent scatterer interferometry (PSI) [5], [6], are not directly 
applicable to these small TanDEM-X image stacks. 
 
Figure 2. Global number of acquisitions of TanDEM-X 
data. Image quoted from [7]. 
Our vision is to reconstruct a global 3D urban model us-
ing primarily TanDEM-X data. To overcome the above-
mentioned challenges, we propose a series of advanced 
 SAR and InSAR techniques, as well as complementary 
data, such as terrestrial optical images or data in geo-
graphic information system (GIS) that can bridge the gap 
of limited number of TanDEM-X images over an area and 
satisfactory 3D reconstruction accuracy. 
1.2 The proposed algorithms  
This paper proposed a series of novel algorithms aiming 
at global urban DEM generation. The proposed algorithm 
series consider three levels of data availability: 
1) Single acquisition: only a pair of single look complex 
image or one interferogram can be exploited. We 
propose to use purely geometry-based method on the 
intensity image or the interferogram, after appropriate 
adaptive filtering on the images [8], [9].  
2) Small TanDEM-X stack: a stack of a few interfero-
grams are available. This requires advanced multi-
baseline InSAR techniques, such as spectral estima-
tion based on joint sparsity [10], and InSAR stack fil-
tering based on robust low rank tensor decomposition 
[11]. 
3) Normal TanDEM-X stacks on which typical multi-
baseline InSAR algorithms can be applied. 
Table 1 summarizes the aforementioned algorithms and 
the required complementary data with respect to the three 
levels of data availability.  
Table 1. Overview of the possible 3D reconstruction al-
gorithms that can be applied w.r.t. an increasing number 
of TanDEM-X acquisitions. 
No. of 
images 
Complementary 
data required 
Methodology 
one 
GIS building 
footprint 
geometry-based methods 
a few 
- 
Advanced filtering (e.g. 
nonlocal, and low rank) 
with spectral estimation 
GIS building 
footprint 
joint sparsity-based 
spectral estimation 
dozens - 
Typical spectral estima-
tion, e.g. PSI, TomoSAR 
2 Algorithms 
2.1 Single acquisition – GIS-SAR 
In very high resolution (VHR) SAR images, bright pixels 
on building façade often appears as parallel building con-
tours, covering from the bottom of building (far-range) to 
the roof of building (near range). These signals are usual-
ly originated from dihedral or trihedral structures, such as 
window or balcony corners [12]. Therefore, the number of 
such parallel contours is often identical to the number of 
building floors. They define the layover extend of the fa-
çade, hence also the building height. This section intro-
duces the GIS-SAR algorithm that makes use of a single 
VHR SAR image together with GIS building footprints to 
determine building heights. The workflow of the algo-
rithm is as follows.  
 Firstly, the GIS building footprints are projected to 
the SAR image. A visibility check is performed, so 
that only the segments that are visible in that SAR 
image is kept [10]. 
 These footprint segments are shifted from the bottom 
of the building to the top towards the near-range di-
rection on the SAR image. The integral of the pixel 
intensity along the footprint segments at each shift 
position is recorded. They form as an intensity pro-
files as a function of the range shifts. 
 The value of the periodic signal on the intensity pro-
file is analyzed to determine: (a) if there exists a 
building, and (b) the layover length if building exists. 
 Finally, the layover length is converted to building 
height according to basic SAR imaging geometry. 
  
(a)                           (b) 
  
(c)                           (d) 
Figure 3. (a) the Google image of the test area, (b) the 
GIS building footprint in cyan projected to the SAR im-
age, (c) the visible segments of the footprint in cyan and 
the determined extend of the layover in green, and (d) the 
final reconstructed building models with color coded 
height (blue-red: 4-33m). Among the 45 buildings in this 
area, 33 are detected and the heights are estimated with an 
overall accuracy of 2.8m and a bias of -2.4m. Twelve 
buildings were not detected as building by the current al-
gorithm due to the lack of prominent reflection on the 
building façade or the layover with other buildings. Their 
building footprints are shown in magenta. 
Figure 3 shows an example of the proposed algorithm. 
From (a) to (d), they are the optical image from Google 
(a), the building footprints projected to SAR image (b), 
the visible footprint segments and the determined extend 
of the layover area (c) and the obtained building models 
(d). Among the 45 buildings in the test area, 33 are de-
tected and the heights are estimated with an accuracy of 
 2.8m, as well as a bias of negative 2.4m w.r.t. to the 
ground truth (a 7cm-resolution optical DEM obtained 
from aerial images using semi-global matching [13]). The 
negative bias is expected to systematically occur, because 
the bright reflection seen as the top of the building in a 
SAR image is often not originated from the roof of the 
building. Instead, it is from the bottom window corner of 
the highest floor. The height difference between such 
window corner and the roof is about 2.3m, i.e. typical 
floor height 3m minus typical height of windowsill above 
the floor 0.7m. Twelve buildings were not detected in the 
algorithm, because their intensity profiles appear to be 
homogenous and the intensity values are similar to the 
intensity of the ground or shadow. This is due to the lack 
of prominent corner reflectors on the illuminated façades, 
or the layover of multiple buildings.  
2.2 Small stack bistatic InSAR 
Conventional multibaseline InSAR techniques usually 
requires a fairly large stack (>20 images) for a reliable 
reconstruction. They are not directly applicable to very 
small (less than 6) InSAR stacks for the following rea-
sons: 
 the accuracy of height estimates are linearly propor-
tional to the product of signal-to-noise ratio (SNR) 
and the number of measurements 
 large ambiguities in the height estimates are easier to 
occur at low number of images as well as at low SNR 
 typical spectral estimators for height reconstruction 
are only asymptotically optimal, i.e. the estimator is 
suboptimal at low number of images 
To improve the estimation accuracy, the algorithm should 
improve the SNR of the pixels in the image, as the num-
ber of images is fixed. The proposed algorithm considers 
the following two aspects. 
 Outlier filtering: outlier exists because the images are 
sensed from few hundreds of kilometre away. We 
adapt the state-of-the-art robust low rank tensor de-
composition method [11] to detect outlier pixels from 
a group of neighboring pixels that share a similar or 
homogeneous structure in intensity or interferometric 
phase. Such metaphysical property is known as low 
rank in linear algebra. 
 SNR improvement: We adapt the nonlocal filter 
which was recently demonstrated to be successful in 
SAR interferogram filtering [8], [9]. It groups and 
averages pixels of similar height to improve their 
SNR. 
After the abovementioned pre-processing, a typical spec-
tral estimation, such as periodogram or TomoSAR, is fol-
lowed. Lastly, a robust weighted average is performed on 
the height estimates to mitigate possible outliers in the 
results.  
Figure 4 shows the reconstructed elevation (w.r.t. a refer-
ence point) of Munich, Germany using just five Tan-
DEM-X interferograms. The color indicates the estimated 
elevation. Compared to TomoSAR without the filtering 
steps, the proposed approach can improve the accuracy of 
elevation estimates by a factor of three [11].  
 
Figure 4. The estimated elevation w.r.t. a reference point 
reconstructed by the proposed method using five Tan-
DEM-X interferograms over Munich. The elevation is 
color coded [unit: m]. 
2.3 Advanced multibaseline InSAR for 
small stacks- DefoSAR 
Above all, advanced multibaseline InSAR techniques can 
be applied to selected high-rise buildings. According to 
our previous study, the M-SL1MMER algorithm [10] can 
retrieve highly accurate height estimates using merely six 
interferograms (cf. the typically required 20–100) by in-
troducing GIS building footprints as prior knowledge, and 
jointly reconstructing pixels along iso-height lines. Please 
refer to [10] for a detailed treatise on M-SL1MMER. 
Based on such high-quality 3D reconstruction results, see 
for example Figure 6(a), accurate deformation signal can 
also be extracted from repeat-pass interferograms (known 
as the DefoSAR). The TanDEM-X pursuit monostatic ac-
quisitions provide a perfect opportunity for both 3D re-
construction and deformation monitoring in high quality. 
As a first demonstration, 10 repeat-pass interferograms 
were generated from 6 pursuit monostatic staring spot-
light pairs acquired during the TanDEM-X Science Phase. 
Figure 5 shows four of these interferograms before and 
after topography compensation using the height estimates 
obtained by M-SL1MMER (shown in Figure 6(a)). Each 
subfigure is annotated with the corresponding spatial 
(perpendicular) or temporal baseline. 
  
(a)                                          (b)  
Figure 5. Time series of four repeat-pass interferograms 
before (a) and after (b) topography compensation using 
the high quality 3D height reconstruction from Figure 
6(a). 
 Under the assumption that the motion in the period of 
study is mainly caused by periodical temperature change, 
a sinusoidal function was fitted to the phase history after 
topography compensation. The estimated amplitude of 
periodical deformation is shown in Figure 6(b). The 
strong correlation of the amplitude estimate with the 
height complies with the expected deformation behavior. 
Yet, due to its requirement for small stacks of TanDEM-X 
datasets and external GIS building footprints, this algo-
rithm is only applicable to selected buildings. 
      
       
(a)                                          (b)  
Figure 6. Estimated elevation (a) and amplitude of peri-
odical deformation of single point-like scatterers (b). 
2.4 Big stack InSAR – Tomo-GENESIS 
Typical TomoSAR inversion algorithms can be applied to 
stacks with sufficient number of images. We will employ 
the tomographic inversion processor Tomo-GENESIS [14] 
that is based on our previous work [4], [15]–[19]. As 
these works have been extensively discussed in previous 
publications, they are not repeated in this paper. 
3 Discussion 
The three algorithms provides solution to different da-
taset, hence their performance is not directly comparable. 
However, as there result will be fused into a single prod-
uct, the following contents discuss the advantage and dis-
advantages of these algorithm, and compares their ex-
pected accuracy of height estimates. 
3.1 Comparison among algorithms 
GIS-SAR 
Being an incoherent method, exploiting only the intensity 
provides a complete different view compared to the other 
two InSAR methods. As mentioned in section 2.1, an ac-
curacy of less than 3m can be achieved in general. Our 
previous study also shows that the accuracy can be as 
high as 1m for certain buildings with simply geometry 
and no layover with other objects [20]. It is also shown in 
[20] that roofs of different heights in a single building 
complex can also be estimated with such high accuracy. 
However, difficulty may arise when considering larger 
area processing: 
 GIS building footprints are usually only available for 
cities in developed countries. In addition, there accu-
racy is also limited. 
 Buildings without sufficient amount of corners on the 
facades facing the sensor, or buildings that are oc-
cluded by surrounding objects are difficult to be ex-
ploited in the algorithm. 
 The algorithm relies on a fairly accurate coregistra-
tion of the SAR image and the GIS data. This usually 
requires an accurate terrain model that might not be 
available for many areas. Otherwise, future algorithm 
should consider the unknown terrain height. 
 Unmixing of layovered building facades has not been 
addressed in this algorithm. 
 Systematic underestimation exists because of the lack 
of strong reflection from the building roof. 
 
Small stack InSAR 
This algorithm performs full tomographic inversion with-
out additional data. Its performance can be characterized 
mainly by the number of images and the SNR of the pix-
els. Therefore, it will be applied in a global scale. Howev-
er, the limited number of acquisitions per area restricts its 
accuracy. According to the current analysis, we expect to 
reach a relative accuracy of better than 2m. 
 
M-SL1MMER+DefoSAR 
M-SL1MMER provides height estimates with unprece-
dented accuracy compared to the state-of-the-art multi-
baseline InSAR algorithms. The follow-up DefoSAR al-
gorithm retrieves precise deformation signal. However, 
due to its requirement for TanDEM-X and GIS datasets, it 
is only used to reconstruct individual buildings in selected 
cities. Yet, for those selected buildings, M-SL1MMER 
reaches an accuracy of less than half meter in the height 
estimation from just 10 images [10], [21]. 
3.2 Expected relative accuracy 
Table 2 summarizes the coverage and the expected rela-
tive height accuracy of the proposed three algorithms. The 
expected final urban model will be a fusion of the results 
from all the algorithms. The base map will be the result 
from small stack InSAR, as it will cover the global urban 
area. We aim at a relative vertical accuracy of better than 
2m. To give an impression of the global urban model, an 
example is given in Figure 7 in which a 3D view of Mu-
nich city is shown. For most buildings in developed cities, 
GIS footprint with SAR can provide urban models with 
an height accuracy from 1m to 3m. The traditional tomo-
graphic inversion will also be applied on some selected 
cities where TanDEM-X is abundant. We expect a rela-
tive height accuracy of around 1m from our previous pub-
lications. For certain buildings in the selected cities, a rel-
ative accuracy better than half meter can be achieved by 
applying the M-SL1MMER algorithm. Last but not least, 
as the accuracy of individual algorithms varies, we also 
aim to provide a quality map.  
Azimuth 
 4 Conclusion and outlook 
This paper proposes a series of algorithm for the recon-
struction of a global 3D urban model from TanDEM-X 
data, and as well as freely available GIS building foot-
prints. The proposed algorithm series provides a complete 
solution to TanDEM-X data of different availability, from 
single acquisition, to tens of images. The expected final 
product will be a fused global 3D urban model from the 
results of all the algorithms. 
Still, challenges remain at several points. Firstly, a relia-
ble tomographic method needs to be developed for small 
TanDEM-X InSAR stacks, as the current small stack In-
SAR algorithm is only based on the assumption of single 
scatterer. Secondly, robust method is required to tackle 
the less controlled quality of the openly available building 
footprint, and lastly, method of obtaining urban model 
changes on a regular basis is non-existent. These will be 
studies in the future work. 
 
Table 2. The proposed algorithms, their coverage, and the 
expected relative accuracy of urban models.  
Algorithm Coverage  Rel. Accuracy 
GIS-SAR 
Most of the build-
ings in developed 
cities 
1m~3m 
Small stack 
InSAR 
Global urban area <2m 
M-SL1MMER 
Selected buildings 
in selected cities 
<0.5m 
Large stack 
TomoSAR 
selected cities <1m 
 
Figure 7. The expected global outcome by small stack InSAR – Munich in 3D, geocoded results of Figure 5. The color 
represents the height. 
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